Abstract A comprehensive study of the yield stress and start-up torque for six commonly used rolling bearing greases is presented. Both parameters were found to depend exponentially on temperature where the exponent changes below a low-temperature ''break point.'' This break point was found to be related to the pourpoint of the base oil, although the start-up torques of the greases were an order higher in magnitude than that of their corresponding bled oils. The start-up torque is mostly used to measure the low-temperature limit of a grease. It was found here that this temperature is much lower than the break point. The start-up torque criterion is measured using a particular bearing type and conditions. The low-temperature break point for the yield stress is a more universal grease parameter that gives useful information about the behavior of a grease at low temperatures and can be used as one of the guidelines for grease selection for low-temperature applications.
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Introduction
Lubricating greases are structured materials consisting of a dispersion of thickener within a suitable base oil [1] . The performance of the lubricating grease in rolling bearings depends strongly on the grease rheology, internal bearing geometry, and transient operating conditions. At very low temperatures, the grease may become so stiff that it causes high resistance to the motion of the rolling elements [2] . This may lead to skidding, damaging the bearing. The stiffening will be different for different greases, which is translated into a so-called low-temperature limit (LTL) below which a bearing should not be operated. Measuring the onset of damage is very difficult. Therefore, in practice the start-up torque is used as a criterion for grease stiffening. The LTL is then defined as the temperature at which the start-up torque exceeds a predefined value of say 1000 mNm in a standardized test setup [3] . Lubricating greases are viscoelastic materials up to a yield point where plastic deformation occurs. Earlier work suggests that the start-up torque is related to the shear stress experienced by the grease during start-up and is related to the yield stress [4, 5] . Edmund [5] showed that there is a linear relation between start-up torque and yield pressure for lubricating greases. Kobzova et al. [6] also assert the importance of the yield stress on the start-up torque.
In an earlier paper [7] , the authors studied the temperature dependence of the yield stress from oscillatory strain sweep measurements for six greases that represented the most commonly used thickener-oil systems. The same greases were employed in this study (Table 1) . At a temperature below zero degrees Celsius, a deviation from ''Arrhenius behavior'' was observed for those greases based on mineral and semisynthetic oil [7] . A ''break'' in the Arrhenius plot characterized by a change in slope is known to be caused by a change in phase, as shown by Kumamoto et al. [8] for biological systems. This change in slope causes a rapid increase in yield stress below a critical temperature.
In this study, yield stress measurements were taken over a wider range of temperature than in [8] , and these measurements will be compared to the start-up torque. It will be shown that the ''break'' in the Arrhenius plot can be associated with the pourpoint of the bled oil. The lowtemperature break is a grease parameter and, other than the LTL, not measured with a particular bearing. Therefore, it gives useful general information on the behavior of a grease at low temperatures which is generally applicable to any bearing.
Materials and Methods

Tested Greases and Bled Oils
Six greases formulated from the most common thickeners and base oils were tested ( Table 1 ). The bled oils were extracted from the greases by using Heraeus Biofuge 17RS centrifuge [9] .
Rheological Characterization
Rheological characterization was carried out using oscillatory strain sweep. These measurements were taken on a controlled strain rheometer (MCR 501, Anton Paar) using sandblasted parallel stainless steel plate geometry (R a = 2.87 lm, R = 12.5 mm and 1 mm gap setting). The oscillatory strain sweep measurements were taken using a strain ranging from 0.001 to 1000 % at a frequency of 1 Hz. A relaxation time of 20 min was considered sufficient for the sample to relieve the residual stress, before taking the measurements. Experiments were carried out in the temperature range of -50 to 50°C and at a precision of ±0.5°C. The measurements were found to be reproducible with a maximum error of ±5 %.
Start-Up Torque Measurements
The start-up torque of the lubricating greases and corresponding bled oils were measured using a controlled strain rheometer (MCR 501, Anton Paar) fitted with tribology cell T-PTD 200 (Fig. 1a) . The measurements were taken using the IP 186 standard testing procedure in the temperature range of -30 to 50°C. An axially loaded angular contact ball bearing with detachable outer ring (SKF 7204 BEP), rotating at 1 rpm, was used. After loading the weighted quantity of grease as per the IP 186 standard, pre-shearing was performed to achieve a uniform distribution of grease inside the bearing. The preshearing was carried out using oscillatory strain sweep, and the test conditions are summarized in Table 2 . This was analogous to manual pre-shearing in the IP 186 standard. The measurements were found to be reproducible with a maximum error of ±10 % (Fig. 1b) . After pre-shearing, a relaxation time of 20 min was allowed before performing the torque measurements. Table 2 Pre-shear testing conditions The start-up torque measurements were taken at an axial load of 44.1 N for a duration of 60 s and at a sampling frequency of 50 Hz. Temperature control was achieved using a Peltier device offering a precision of ±0.1°C. The maximum error associated with the measurements was found to be ±12.5 %. 
Pourpoint Measurements
The pourpoint of the bled oils was obtained using the ASTM D 97 standard test procedure. In this test, the specimen in a jar is cooled and periodically examined for any movement of oil for every 3°C decrease in temperature. The pourpoint is obtained by adding 3°C to a temperature corresponding to ''no flow'' when the jar is held horizontally for 5 s.
Results
Rheological Characterization
In an earlier paper, the authors studied the yield stress of the same greases as used in this study, using various techniques [7] . They preferred oscillatory measurements over continuous shear for estimating the yield stress as the preceding method was found to be less sensitive to wall slip. The viscoelastic properties of the lubricating greases can be quantified using storage (G 0 , elastic component) and loss modulus (G 00 , viscous component). Below a critical strain amplitude (c cr ), the structural integrity of the network is maintained, and the material parameters (G 0 and G 00 ) are found to be independent of the imposed strain (Fig. 2a) . However, above c cr , higher strain energy may cause structural damage. As a result, both G 0 and G 00 decrease and the material behaves as if it is a liquid. However, for lubricating greases, there is no sharp transition from solidto liquid-like behavior. As a result, the yield stress is defined here as the stress corresponding to a predefined (0.5 %) deviation from the linear relation between stress and strain (Fig. 2b) . In rolling bearings, the timescale of the flow problem varies. So, the prediction of yield stress should ideally take place over a wide frequency range. It was shown earlier that the yield stress varies linearly with the imposed frequency. In this study, an arbitrary frequency of 1 Hz was chosen.
Temperature Dependency of the Yield Stress
The yield stress versus temperature on a semilog scale is shown in Fig. 3 . The yield stress was found to exhibit Arrhenius behavior, i.e., it varies exponentially with temperature. The yield stress versus temperature is conveniently written as:
where s y0 is the yield stress at temperature T = T 0 . In this equation, the yield stress halves for a temperature increase of DT = b. This is more practical than using an activation energy and gas constant. The parameter, ''b,'' obtained using Eq. (1) is listed in Table 3 .
A significant deviation from Arrhenius dependency was exhibited by all the grease samples when cooled below a certain temperature, characterized by a ''break'' in the curve. The temperature corresponding to the ''break'' is here termed T b . Below this temperature, a second exponential constant b was found to apply where the sensitivity to a change in temperature is much larger for all greases (Table 3) . Another important observation is the much lower T b for greases based on PAO and ester oils in comparison with those based on mineral oil. Table 3 Parameter ''b'' obtained using Eq. (1) for the yield stress. The temperature corresponding to ''break'' in the Arrhenius plot, ''T b '' is also shown Figure 4 shows a typical plot for torque versus time for both grease and corresponding bled oil. It illustrates the problem that occurs with a grease lubricated bearing at very low temperature: The torque is much higher than that of an oil lubricated bearing. This is ascribed to the higher churning resistance caused by the grease. In the following section, only the start-up torque will be addressed. 
Temperature Dependency of the Start-Up Torque
The start-up torque for all greases was found to be an order higher in magnitude than for the corresponding bled oils (Fig. 5) . However, an exception can be seen for CaS/M, for very low temperature. Similar to the yield stress, the startup torque was also found to exhibit Arrhenius temperature behavior with a ''break point.'' The variation in start-up torque versus temperature can again be fitted using Eq. (1), and the parameter ''b'' obtained is shown in Table 4 . The transition to high torque behavior (the break) is observed at a much lower temperature for PAO and ester-based greases in comparison with mineral oil-based greases. The ''break'' for PAO and ester oils probably occurs at temperatures lower than those that could be measured on the present system. The variation in start-up torque with temperature was found to be different for greases and their bled oils, shown by different values of ''b'' ( Table 4) . The greases exhibited a lower variation in start-up torque with temperature in comparison with their bled oils. A larger variation in bearing friction torque to changes in temperature is exhibited by PAO and ester oil, given by lower values of ''b'' in comparison with the mineral oils studied (Table 4) .
Start-Up Torque Versus Yield Stress
The start-up torque versus yield stress plots for the studied greases are shown in Fig. 6 . The figure shows that there is a linear relation between start-up torque and yield stress.
Similar to yield stress-temperature and start-up torquetemperature, also the start-up torque-yield stress relation shows a break. This break was found to occur at temperatures close to the pourpoint of the bled oil, with the exception of polyurea grease (Fig. 6 ).
Discussion
There is a linear relation between start-up torque and yield stress. However, this relation is not unique. It is different for different greases. This means that the temperature dependence of yield stress and start-up torque is similar, which is reflected in quite similar values for ''b'' (see Tables 3, 4 ). The relationship changes at a characteristic temperature giving two temperature domains with different temperature dependence. This characteristic temperature, the ''break point'' in the Arrhenius plots (T b ), is correlated to the pourpoint of the bled oil ( Fig. 7a ; Table 5 ). So the change in temperature behavior is mainly ascribed to the temperature where the base oil loses its flow characteristics. The bled oil pourpoint and the ''break'' in the start-up torque with grease ( Fig. 7b) and bled oil are less good correlated, which may be attributed to the fact that the start-up torque is not only governed by the yield stress.
The torque corresponding to the ''break'' (T b ) was not found to be comparable to the LTL, as for none of the lubricants, the start-up torque was found to exceed the often used limit of 1000 mNm. The LTL according to this definition is much lower than the break point, and the yield The temperature corresponding to the ''break'' in the Arrhenius plot, ''T b '' is also shown stress will be extremely high at this point. The break point is a valuable grease parameter though. Greases with low values for the break point are more suitable for operation at very low temperatures.
The much lower T b for greases based on PAO and ester oils in comparison with mineral oil-based greases confirms that PAO and ester-based greases can be used at lower temperatures than mineral oil-based greases. 
Conclusions
The yield stress and start-up torque characteristics of six greases formulated with the most common thickeners and base oils have been studied in this paper. The start-up torque of the greases was found to be an order higher in magnitude than that for their corresponding bled oils. For rolling bearings operating at medium temperatures and medium speeds, the running torque is mainly given by the base oil viscosity of the grease. This clearly does not apply to the start-up torque, which is generated by the resistance of the balls to travel through the grease rather than the shear in the EHL contact. A deviation from Arrhenius behavior was observed for yield stress and start-up torque at lower temperatures, characterized by a ''break.'' The ''break'' was found to occur at a temperature close to the pourpoint of the bled oils. There is a linear relation between the start-up torque and the yield stress of the grease which indicates that the temperature dependence of the yield stress and start-up torque is similar. This linear relation changes at a temperature close to the pourpoint of the bled oil. At even lower temperatures, there is again a linear relation between start-up torque and yield stress, but now with a different slope. The change in slope is ascribed mainly to the phase change in the base oil (the oil loses its flow properties) occurring at this temperature. There are indications that the LTL, i.e., the lowest temperature at which a bearing can be started up without causing damage to a bearing, is much lower than the break point. This break point or pourpoint of the base oil can therefore not be used as a measure of the LTL. This does not mean that the break point or pourpoint of the base oil is not relevant. Greases with a low break point will also have a low LTL.
The fact that the break point is related to the pourpoint of the base oil is illustrated by the very low pourpoints of PAO and ester oils which can be used at lower temperatures than those greases based on mineral oils. 
